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The Musgrave Province developed at the nexus of the North, West and South Australian cratons and its
Mesoproterozoic evolution incorporates a 100 Ma period of ultra-high temperature (UHT) meta-
morphism from ca. 1220 to ca. 1120 Ma. This was accompanied by high-temperature A-type granitic
magmatism over an 80 Ma period, sourced in part from mantle-derived components and emplaced as a
series of pulsed events that also coincide with peaks in UHT metamorphism. The tectonic setting for this
thermal event (the Musgrave Orogeny) is thought to have been intracontinental and the lithospheric
architecture of the region is suggested to have had a major inﬂuence on the thermal evolution. We use a
series of two dimensional, fully coupled thermo-mechanical-petrological numerical models to investi-
gate the plausibility of initiating and prolonging UHT conditions under model setup conditions appro-
priate to the inferred tectonic setting and lithospheric architecture of the Musgrave Province. The results
support the inferred tectonic framework for the Musgrave Orogeny, predicting periods of UHT meta-
morphism of up to 70 Ma, accompanied by thin crust and extensive magmatism derived from both
crustal and mantle sources. The results also appear to be critically dependent upon the speciﬁc location
of the Musgrave Province, constrained between thicker cratonic masses.
 2014, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction
Ultrahigh-temperature (UHT) metamorphism is the thermal
extreme of crustal metamorphism, reﬂecting temperatures in the
range of 900e1000 C at crustal depths of w35e50 km (Harley,
1998; Brown, 2006, 2007; Kelsey, 2008). The tectonic settings in
which UHTmetamorphismmight occur remains unclear, with both
accretionary and collisional orogenic settings put forward (see
summary in Kelsey, 2008). UHTconditions in orogenic settings have
been rigorously tested using numerical methods by Sizova et al.
(2010), Gray and Pysklywec (2012) and Ueda et al. (2012). Currie
and Hyndman (2006) have shown that similar conditions might
be approached in the lower regions of modern back-arc basins, and
Brown (2006) suggested that many Pan-African aged UHT beltsrczyk).
of Geosciences (Beijing)
sity of Geosciences (Beijing) and Pindeed resemble inverted back-arc basins. It is, nevertheless, likely
that conditions which may lead to UHT metamorphism relate to
more than one speciﬁc setting.
The Musgrave Province, in central Australia (Fig. 1), is an
extensive belt of metamorphic and igneous rocks with a protracted
Mesoproterozoic tectonothermal history that has recently been
recognized as having been dominated by UHT metamorphic con-
ditions (e.g., King, 2008; Kelsey et al., 2009, 2010; Smithies et al.,
2011). The scale and duration of UHT conditions was extraordi-
nary, even amongst UHT belts globally. Here, mid-crustal
(w7e8 kbar; 25e30 km) temperatures exceeded 900 C (King,
2008; Kelsey et al., 2009) over much of the >220,000 km2 region,
and throughout the entire duration of the c. 1220 to c. 1120 Ma
Musgrave Orogeny (Kelsey et al., 2009, 2010; Smithies et al., 2011).
These UHT conditions were accompanied by emplacement of the
charnockitic A-type granites of the Pitjantjatjara Supersuite which
provides an independent measure of high crustal temperatures
(Smithies et al., 2011). This magmatism appears continuous; at least
within the analytical uncertainty of UePb (zircon) dating, between
c. 1220 and c. 1150 Ma, but on a regional basis also shows distincteking University. Production and hosting by Elsevier B.V. All rights reserved.
Figure 1. Geographical and geological location of the Musgrave Province.
Figure 2. Summary of ion microprobe (SHRIMP) UePb zircon geochronology for rocks
formed or deformed during the Musgrave Orogeny and the Giles Event in the west
Musgrave Province. Data for magmatic ages are weighted means from igneous rocks or
orthogneiss and are interpreted to be ages of igneous crystallization. Metamorphic age
data represent individual analyses of high U rims interpreted to have grown primarily
as a result of crystallization from partial melts in migmatite derived from either ortho-
or paragneiss. All geochronological data are available from the Geological Survey of
Western Australia’s geochronology record series (http://www.dmp.wa.gov.au/
geochron/).
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metamorphic zircon age populations and may suggest that UHT
conditions were also punctuated into distinct events with a
w10e20Ma periodicity (Smithies et al., 2014) or affected difference
regions or levels of the crust at different times. These extraordinary
thermal conditions relate to what is likely an unusual tectonic
setting. However, the UHT event, and the tectonic circumstances
that caused it, had a long-lasting inﬂuence on the geological evo-
lution of central Australia, including the formation of later (c.
1090e1050 Ma) maﬁc and felsic large igneous provinces. The pro-
longed thermal legacy of the Musgrave Orogeny was also in part a
result of the concentration of radiogenic heat producing elements
into lower to mid-crustal regions (Smithies et al., 2014).
The Musgrave Province has been rigidly ﬁxed at the nexus of
three thick cratonic masses (North, West and South Australia cra-
tons e Fig. 1) since at least c. 1290 Ma (e.g., Giles et al., 2004). The
Musgrave Orogeny itself has been interpreted as an intra-
continental orogeny (Wade et al., 2006, 2008) but initiation of
the orogeny in a distal back-arc setting has not been dismissed (e.g.,
Smithies et al., 2011; Kirkland et al., 2013). It is possible that the
unusual thermal conditions throughout the Musgrave Orogeny
were strongly inﬂuenced by the lithospheric architecture relating
to the unusual tectonic position near a ridged cratonic triple point(Fig. 1, at the interconnection of three cratonic masses), which may
have played a role in focusing upwelling asthenospheric beneath
the province, providing a long-lived supply of both heat and
mantle-derived magma (Smithies et al., 2011).
In an attempt to better understand the geological evolution of
the Musgrave Orogeny, including the role and range of lithospheric
and mantle conditions and process that might contribute to UHT
metamorphic conditions, we have conducted a series of fully
coupled thermo-mechanical-petrological two dimensional (2D)
numerical experiments. The models used in this work simulate the
effects of far-ﬁeld stresses on continental lithosphere with dis-
continuities on a lithospheric to upper mantle cross-section and is
based on the I2VIS code (Gerya and Yuen, 2003; Gerya, 2010). Due
to the resolution limitations of three-dimensional modeling, the
modeling has been conducted in 2D. 2D not only allows for
implementation of visco-plasticity and mineral phase trans-
formation but also related melting/melt extraction processes (Vogt
et al., 2012), which require higher resolution than 3D allows for.
Nevertheless, we are attempting to model a complex geological
history and a lithospheric architecture (including a cratonic triple-
junction) that would clearly be affected by ‘out of plane’ (3D)
processes. The models will not exactly replicate the geodynamic
‘reality’ of the Musgrave Orogeny, but hopefully deliver a range of
processes and/or conditions and constraints under which this
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results for the three models we believe best ﬁt the observed
geological and geophysical data and interpreted geological history
for the Musgrave Orogeny. Each model shows a process, whichmay
lead to introduction of ultra-high temperatures at mid-crustal
levels and result in extensive melting of crustal and mantle mate-
rial for an extended period of time within limited spatial
constraints.
The initial constraint for each model setup is that reasonable
geological and physical parameters (e.g., physical rock properties,
far ﬁeld stresses) must account for the most signiﬁcant geological
features of the Musgrave Orogeny, including:
(1) an assumed architecture comprising a recently thinned Prote-
rozoic belt between two (in a 2D scenario) thicker cratonic
masses;
(2) the c. 100 Ma total duration of the UHT event, punctuated into
c. 10e20 Ma cycles;
(3) the more or less continuous production of charnockitic A-type
granites which, based on geochemical and thermal arguments
formed from a source that homogenized roughly equal pro-
portions of mantle and residual crustal material.
The three case studies (Model I, Model II and Model III) in this
paper show an overall similar tectonic/magmatic evolution within
the area of interest. Each numerical model replicates parts of the
inferred evolution of the Musgrave Orogeny. The results indicate
that the most plausible process that introduces ultra-high tem-
peratures >1000 C is mechanical removal of the mantle litho-
sphere by asymmetric delamination (Gorczyk et al., 2013; Gorczyk
and Vogt, 2013), which can be induced by (multiple) episodes of
compressional tectonics. This scenario leads to fertilization (reju-
venation) of the source rocks. A series of predicted crustal PeT
paths for each model is also presented.
2. Geological setting and evolution
Outcrop of the Musgrave Province is dominated by granite
formed during several Mesoproterozoic events, but the earliest
crustal record is revealed primarily in the Nd- and Hf-isotopic
systematics of these rocks. These data have been interpreted as
evidence for a range of basement components including Archean
and a c. 1950 Ma juvenile maﬁc to intermediate component
(Kirkland et al., 2013), modiﬁed by further juvenile additions within
a 1650e1550 Ma convergent margin (Wade et al., 2008; Kirkland
et al., 2013). Granites intruded during a c. 1410 Ma event are iso-
lated and very poorly preserved, however, the c. 1345e1293 Ma
Mount West Orogeny (Howard et al., 2011), produced granites of
the Wankanki Supersuite which are widely preserved in the
western parts of the region (Fig. 1). These granites are metal-
uminous, calcic to calc-alkaline granodiorites and monzogranites
compositionally similar to those in modern continental arcs
(Smithies et al., 2011), and were emplaced mainly between c. 1326
and 1312 Ma (Gray, 1971; Sun et al., 1996; White et al., 1999;
Howard et al., 2011 and references within). It has been suggested
that this eventmarks the ﬁnal subduction and accretionary event in
the amalgamation of the North, West and South Australian cratons
(Giles et al., 2004; Betts and Giles, 2006; Smithies et al., 2011;
Kirkland et al., 2013). If this interpretation is correct then the
accretionary (‘orogenic’) component of this process likely
continued beyond the age of the youngest calc-alkaline Wankanki
granite and is constrained only by the c. 1220 Ma maximum age for
the Musgrave Orogeny.
Since the end of the Mount West Orogeny the Musgrave region
has been locked at the center of an architecture formed as the three,older, thick and refractory main cratonic elements of Australia
amalgamated (Fig. 1). The c. 1220e1150 Ma Musgrave Orogeny
involved widespread high-grade crustal reworking. Evidence for
extensive folding or compressional deformation has either been
destroyed or never existed. Locally rapakivi-textured granites with
an orthopyroxene-bearing anhydrous primarymineralogy intruded
the mid-crust, forming the Pitjantjatjara Supersuite of ferroan,
alkali-calcic granites. These granites were emplaced at tempera-
tures up to 1000 C (Smithies et al., 2011) and intrusion coincided
with a newly recognized 100 Ma period (c. 1220e1120 Ma) of
province-scale UHT metamorphism (e.g., Kelsey, 2008; King, 2008;
Kelsey et al., 2009; Smithies et al., 2011), characterized by tem-
peratures in the mid crust (pressures of 7e8 kbar) in excess of
>1000 C, implying a thermal gradient of 35e40 C km1 (King,
2008; Kelsey et al., 2009, 2010). The conditions of mid-crustal
UHT metamorphism require removal of most, if not all, of the
lithospheric mantle and its onset coincides with an early regional
transition from Yb-depleted to Yb-enriched granite compositions.
This transition has been interpreted to reﬂect a switch from garnet-
present, deep crustal melting to lower-pressure garnet-absent
melting, possibly related to removal (delamination?) of the lower
crust (Smithies et al., 2011).
Whole-rock geochemistry and isotopic data suggest a signiﬁcant
(>50 vol %) juvenile mantle-derived source component to the Pit-
jantjatjara Supersuite (Smithies et al., 2011; Kirkland et al., 2013),
consistent with the limits that the calculated geotherm places on
the potential depth of crystalline (sub-solidus) crust (i.e. limits of
the amount of available crustal source material) that could remain
below the mid-crustal level of intrusion. Extrapolation of this
geotherm to temperatures appropriate for the base of the litho-
sphere (w1300 C) suggests that this boundary was only w35 km
deep. The absence of a garnet-residual signature in the granites also
constrains melting depths to a similar crustal level (<w10 kbar,
<w35 km, e.g., Wolf and Wyllie, 1994).
The relationship between magmatism and metamorphism
during the Musgrave Orogeny suggests that conditions at the
crusteasthenosphere boundary were transient. Although granite
magmatism was more or less continuous throughout the orogeny,
there are at least four distinctive magmatic peaks recorded in the
western part of the province (Fig. 2). Granitic magmatism was a
near immediate response to the extreme thermal conditions
imposed as asthenospheric melts pooled at a newly exposed crustal
base. Discrete pulses of metamorphism are also indicated by peaks
in the abundance of metamorphic zircon rims (Fig. 2). These show
that UHT conditions were widespread in the mid to lower crust
about 5 Ma after every granite peak.
The interpretation of an intraplate setting for the Musgrave
Orogeny (Wade et al., 2008; Smithies et al., 2011) is based on
several lines of reasoning, including: (1) a lack of evidence for
prolonged regional scale compressional deformation (although
only mid- to lower-crust is preserved and is structurally over-
printed); (2) evidence (e.g., UHT conditions) for thin crust; (3) the
A-type geochemistry of the Pitjantjatjara Supersuite; and (4)
models for the Proterozoic evolution of central Australia that
suggest ﬁnal cratonic amalgamation by c. 1290 Ma (e.g., Li, 2000;
Giles et al., 2004; Betts and Giles, 2006; Cawood and Korsch,
2008). However, the prolonged dominantly extensional regime
and UHT conditions are also characteristics of the mid- to lower-
crustal regions of some back arcs (e.g., Currie and Hyndman,
2006) and a distal back-arc setting for the Musgrave Orogeny
has not been dismissed (Smithies et al., 2011; Kirkland et al.,
2013).
In many respects, the Musgrave Province at this stage also
resembled an ultra-hot orogen, as deﬁned by Chardon et al. (2009).
These are characterized over long (c. 100 Ma) timescales by thin
Table 1
Rheology: ﬂow laws.a
Material Flow law 1/AD (Pans) E (J/mol) V (J/bar/mol) n sin(4) C (Pa)
Sediments wqz 1.97  1017 154  103 0.8 2.3 0.15 1  107
Dry upper crust wqz 1.97  1017 154  103 1.2 2.3 0.15 1  106
Wet upper crust wqz 1.97  1017 154  103 0.0 2.3 0.05 1  106
Lower crust Plag (An75) 1.13  1021 445  103 0.0 4.2 0.40 1  106
Dry mantle dry ol 3.98  1016 532  103 0.8 3.5 0.60 1  107
Wet mantle wet ol 5.01  1020 470  103 0.8 4 0.60 1  107
Magmatics (all) wqz 1.97  1017 154  103 0.8 2.3 0.15 1  107
a Ranalli (1995) and references therein. wqz ¼ wet quartzite, plag (An75) ¼ anorthite75, wet ol ¼ wet olivine, dry ol ¼ dry olivine.
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and mechanically extremely weak and partially molten mid- to
lower-crust which responds to imposed shortening largely through
sagduction into the asthenosphere rather than developing signiﬁ-
cant positive topography. Currie and Hyndman (2006) suggested
that rates of conductive cooling in back arcs are such that very high
temperatures may persist for up to 200 m.y. or more after sub-
duction ends, and so fossil back-arcs become zones of hot, weak
lithosphere that can be remobilised into continental orogens.
Hence an interesting alternative model is that the tectonic history
of the Musgrave Province describes a hot back-arc developed dur-
ing theMountWest Orogeny that was remobilised into an ultra-hot
orogen during the Musgrave Orogeny.
During the subsequent Giles Event, maﬁc to felsic magmas were
emplaced into and erupted on to the Musgrave Province over a
period that probably began before c. 1090 Ma and ended after c.
1040 Ma (e.g., Edgoose et al., 2004). The Ngaanyatjarra Rift (Evins
et al., 2010) is the structural expression of this event. In terms of
global continental magmatism, the result of the Giles Event was
spectacular. It included a maﬁc large igneous province (LIP) and the
development of one of the world’s most voluminous (likely also a
LIP) and long-lived rhyolitic centers. According to Smithies et al.
(2014) the evolution of the Giles Event was fundamentally deter-
mined by lithospheric conditions established during the Musgrave
Orogeny.3. Numerical technique
A 2D petrological-thermomechanical model used in this work
simulates the effects of far-ﬁeld stresses on continental lithosphere
with discontinuities on a lithospheric to upper mantle cross-
section. The model is based on the I2VIS code (Gerya and Yuen,
2003; Gerya, 2010), which uses conservative ﬁnite differences
and a non-diffusive marker in cell technique to simulate multi-
phase ﬂow. The governing conservation equations and the consti-
tutive relationships between stress and strain-rate (needed in the
creeping ﬂow regime) are solved on a staggered grid in Eulerian
conﬁguration. Conservation of mass is described by the Lagrangian
continuity equation for a compressible ﬂuid (Gerya and Yuen, 2007;
Sizova et al., 2010). Physical properties are transported on
Lagrangian markers, which move according to the velocity ﬁeld
interpolated from the ﬁxed grid. For interpolation betweenmarkers
and nodes, a distance-dependent bilinear averaging scheme (Gerya
and Yuen, 2003) is used according to which markers located closer
to a node have higher statistical weights.3.1. Rheology
The rheologies used in this study are visco-plastic. The viscous
creep viscosities of rocks are represented as a function of temper-
ature, pressure and stress in terms of deformation invariants by
experimentally determined ﬂow laws (Table 1, Ranalli, 1995):hcreep ¼ ð _εÞ
1n
n ðADÞ1=n exp
E þ VP
nRT
(1)
 
_εII ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1=2ð _εij _εijÞ
q
is the second invariant of the strain rate tensor. AD
(preexponential factor), E (activation energy), V (activation volume),
n (creep exponent) are experimentally determined ﬂow law pa-
rameters and R is the gas constant. Plasticity is implemented using
the following yield criteria, which limits the creep viscosity, alto-
gether yielding an effective visco-plastic rheology:
hcreep 
syield
2 _εII
(2)
syield ¼ cþ P sinð4Þ (3)
sinð4Þ ¼ sin

4dry

lfluid (4)
The local plastic strength of a rock depends on the mean stress,
Ptotal ¼ P (dynamic pressure), the ambient brittle/plastic strength c,
which is the strength at P ¼ 0, and the effective internal friction
angle 4, which is calculated from the friction angle of dry rocks, 4dry
and the pore ﬂuid pressure factor lﬂuid. This factor is interpreted as:
lfluid ¼ 1
Pfluid
Ptotal
(5)
The pore ﬂuid pressure Pﬂuid reduces the yield strength syield of
ﬂuid-containing porous or fractured rocks. The weakening effect of
ascending melt is implemented in a similar manner. During a melt
extraction episode, the yield strength syield of rocks located in the
column between the area of the melt extraction and emplacement is
decreased. In our experiments both lﬂuid and lmelt are constant:
lﬂuid¼0.1andlmelt¼0.001 (seediscussion inGeryaandMeilick,2011;
Vogt et al., 2012). The values of c, 4dry, lﬂuid, lmelt depend on the
mineral composition. In our numerical experiments 1018 and 1026 Pa s
are the loweranduppercut-off values for viscosityof all types of rocks.
3.2. Petrological model
Stable mineral assemblages, as a function of pressure and tem-
perature are computed based on thermodynamic data and Gibbs free
energy minimization using the software Perplex (Connolly, 2005).
Examples of the procedure and computational strategymay be found
in Kerrick and Connolly (2001) and Connolly (2005). All properties
(i.e. water content, effective density, isobaric heat capacity, thermal
expansion, adiabatic heat and latent heat) were subsequently saved
on a gridwith a resolution of 5 K and 25MPa. At every time step these
precomputed properties are updated for all the Lagrangian markers.
3.3. Hydration and water migration
Dehydration reactions and associated water release are
computed based on the physicochemical conditions and the
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W. Gorczyk et al. / Geoscience Frontiers 6 (2015) 23e37 27assumption of thermodynamic equilibrium (Gorczyk et al., 2007a;
Nikolaeva et al., 2008; Sizova et al., 2010; Gerya and Meilick,
2011). Expelled water is stored in a newly generated water
marker that moves independently. The velocity of the ﬂuid is
computed accordingly to pressure gradients as:
vxðwaterÞ ¼ vx  A
vP
vx
(6)
vzðwaterÞ ¼ vz  A

vP
vz
 rfluidg

(7)
A ¼ vpercolation
g

rmantle  rfluid
 (8)
vx(water) and vy(water) are the ﬂuid velocities in x and y direction;
vx and vy indicate the local velocity of the solid mantle; A is a water
percolation constant, vpercolation ¼ 10 cm/yr, a presumed standard
water percolation velocity (Peacock, 1990; Gorczyk et al., 2007b);
g¼ 9.81 m/s is the gravitational acceleration; rmantle¼ 3300 kg/m3;
and rﬂuid ¼ 1000 kg/m3 is the density of the mantle and ﬂuid.
When a given water marker encounters a lithology capable of
absorbing water by hydration or partial melting, the moving water
marker is absorbed.
3.4. Partial melting and melt extraction
Because the water transport model does not permit complete
hydration of the peridotitic mantle, the mantle solidus is inter-
mediate between the wet and dry peridotite solidi. To account for
this behavior we assume that the degree of both hydrous and dry
melting is a linear function of pressure and temperature (i.e. Gerya
and Yuen, 2003; Vogt et al., 2012).
For a given pressure and rock composition the volumetric de-
gree of melting M0 is:
M0¼0 whenT<Tsolidus;
M0¼ðTTsolidusÞ=

TliquidusTsolidus

whenTsolidus<T<Tliquidus;
M0¼1 whenT>Tliquidus;
Tsolidus and Tliquidus are solidus temperature and dry liquidus
temperature (wet and dry solidi are used for the hydrated and dry
mantle, respectively) at a given pressure and rock composition
(Table 2).
The effective density, reff, of partially molten rocks is computed
according to the relation:
reff ¼ rsolid Mðrsolid  rmeltÞ (9)
where rsolid and rmelt are the densities of solid and molten rocks at
given P (MPa) and T (K).
The effect of latent heating due to equilibrium melting/crystalli-
zation is included implicitly by increasing the effective heat capacity
(Cpeff) and the thermal expansion (aeff) of melting/crystallizing rocks:
Cpeff ¼ Cp þ Hl

vM
vT

P¼const
(10)
aeff ¼ aþ r
Hl
T

vM
vT

P¼const
(11)
Hl is the latent heat of melting.
The effective viscosity of partially molten rocks (M > 0.1) is
calculated according to Pinkerton and Stevenson (1992) and Bittner
and Schmeling (1995):
Figure 3. Model setup and boundary conditions. Initial setup of the numerical model (see text for details). Staggered grid resolution is 1221  201 nodal points, with more than
10 million randomly distributed markers. The grid resolution is 1 km  2 km in the subduction zone area (700e1300 km) and 5 km  2 km to 10 km  2 km outside of this area.
Isotherms are displayed in white for increments of 200 C, starting from 100 C. Colors indicate materials, i.e. rock type or melt, which appear in subsequent ﬁgures. For rheologies
and melting conditions used in the experiments, see Tables 1 and 2. All boundary conditions are free slip. The top surface of the lithosphere is treated as an internal free surface and
accounts for sedimentation and erosion.
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
2:5þð1MÞð1MM Þ0:48

(12)
Here h0 is an empirical parameter depending on rock compo-
sition where h0 ¼ 1013 Pa s for molten maﬁc rocks, and
h0¼ 51014 Pa s for molten felsic rocks. The viscosities of the rocks
that containminor melt fractions (M< 0.1) are computed according
to experimentally determined ﬂow laws (Table 1), where the
effective creep viscosities are a function of strain rate, pressure, and
temperature (see Rheology section for details).
Althoughmelt might accumulate and form largemelt reservoirs,
it is more likely that melt collects in channels or dykes and leaves
the melting zone before reaching high melt fractions (Schmeling
et al., 1999, 2008). Hence, melt exceeding a predeﬁned melt
threshold of (i.e., Schmeling et al., 2008)Mmax¼ 4% is extracted and
only a non-extractable amount of melt Mmin ¼ 2% remains at the
source (Nikolaeva et al., 2008; Sizova et al., 2010; Gerya and
Meilick, 2011; Vogt et al., 2012). Markers track the amount of
extracted melt during the evolution of an experiment. The total
amount of melt (M), for every marker takes into account the
amount of previously extracted melt and is calculated as:
M ¼ M0  SnMext
SnMext is the total melt fraction extracted during the previous n
extraction episodes. Rocks are considered refractory when the
extracted melt fraction is larger than the standard one, when
SnMext > M0. If the total amount of melt exceeds Mmax, the melt
fraction Mext ¼ M  Mmin is extracted and SnMext is updated.
Extracted melt is transmitted instantaneously to emplacement
areas, as melt migrates faster than rocks deform (Elliott et al., 1997;
Hawkesworth et al., 1997). Although the average and range of
intrusive:extrusive (I:E) volume ratios for different petrotectonic
settings may differ (ranging from 1:1 to 16:1), a ratio of 4:1 can be
viewed as common to most magmatic systems considering the
uncertainties (White et al., 2006). Accordingly, intrusive rocks,
which comprise 80% of melt, are emplaced in areas of highest
possible intrusion emplacement rate, i.e., highest possible local
crustal divergence rate. divcrust is evaluated above the melt
extraction region by locally computing the ratio of the effective
melt overpressure and the effective viscosity of the crust:divcrust ¼ ½Pymelt  grmeltðymelt  yÞ  Py 
.
hy (13)
Pymelt is the pressure at the extraction level ymelt, Py is the
pressure at the current level y, g is the gravitational acceleration in
the y-direction (m/s2), rmelt is the melt density, and hy is the
effective local crustal viscosity. Extracted melts are thus emplaced
at the level y where the computed possible crustal divergence rate
divcrust is the highest. Both the effects of matrix compaction in the
melt extraction area and crustal divergence in the melt emplace-
ment area are taken into account in the compressible continuity
equation (i.e., Gerya and Yuen, 2007), which provides correct
coupling between local and global ﬂow ﬁelds.3.5. Surface processes
The topographic evolution accounts for the effects of erosion
and sedimentation. The crust/air interface (surface) evolves ac-
cording to a transport equation, which is solved at each time-step
on the Eulerian grid (Gorczyk et al., 2007b),
vyes=vt ¼ vy  vxvyes=vx vs þ ve
where yes is the vertical position of the surface as a function of the
horizontal distance x; vy and vx are the vertical and horizontal
components of the material velocity vector at the surface (y is
positive downward, y ¼ 0 at the top of the box); vs and ve are the
sedimentation and erosion rates, respectively and are deﬁned as
follows:
vs ¼ 0 mm=a ve ¼ 0:3 mm=a for y < 9 km
vs ¼ 0:03 mm=a ve ¼ 0 mm=a for y>10 km3.6. Model setup
All experiments have been performed in a spatial coordinate
frame of 3000 km  400 km, representing a continental to upper
mantle cross-section (Fig. 3). The rectangular grid with 1221  201
nodal points is non-uniform and contains a (1000 km wide) high-
resolution region (1 km  2 km) in the center of the domain
Table 3
Description of numerical models.
Weak zone Average s of cratonic
lithosphere (kg/m3)
Compressional
episodes (Ma)
Craton thickness (km) Mesoproterozoic lithosphere
thickness (km)
Model I No 3300 0e6 250 100
52e55
81e82
Model II Yes 3300 0e6 250 100
Model III Yes 3290 0e6 250 100
W. Gorczyk et al. / Geoscience Frontiers 6 (2015) 23e37 29while the rest of the model remains at a lower resolution (5 km
 2 km and 10 km  2 km). The continental crust is composed of a
15 km upper felsic and 15 km lower maﬁc crust. The subjacent
asthenosphere and the upper mantle are composed of anhydrous
peridotite and are deﬁned by the given temperature proﬁle.Figure 4. (aeg) Dynamic evolution of the Model I in time represented by composition with
with increment of 200 C). Colored squares represent rock markers with propagation of PeAll mechanical boundary conditions are free slip and only the
lower boundary is permeable, satisfying an external free slip
boundary condition. Similar to the usual free slip condition,
external free slip allows global conservation of mass in the
computational domain.color code described in this ﬁgure. White lines represent isotherms (starting at 100 C
T paths traced in windows a1eg1.
Figure 5. (a) Magmatic evolution in terms of magmatic addition (km3/km) of Model I; (b) pie charts illustrate the magmatic composition and total magmatic addition rate (km3/km/
Ma) at the end of simulation at time 103.53 Ma; (c) cross-section of rock evolution (color code as in Fig. 4) to 60 km depth, within which the melt production have been calculated
for Model I.
W. Gorczyk et al. / Geoscience Frontiers 6 (2015) 23e3730The three models are divided into three parts: on the left and
right are two cratonic blocks representing older cratons with a
lithospheric depth of 250 km, with a middle 1200 km zone repre-
senting the Mesoproterozoic Musgrave Province with a lithosphere
depth set at 100 km (Model I). In Models II and III, a 100 km wide
discontinuity of lowered plastic strength (with respect to the sur-
rounding rocks) is introduced into the middle of the thinner lith-
osphere zone. This discontinuity is to simulate a pre-worked area,
which may have represented a back arc region developed during
theMountWest Orogeny (e.g., Smithies et al., 2014). InModel III the
mantle lithosphere density of the cratonic blocks is lowered by
10 kg/m3 with respect to Mesoproterozoic mantle lithosphere
(Grifﬁn et al., 2003) to simulate older cratonic blocks (Table 3).
The initial temperature ﬁeld of the continental plate increases
linearly from 0 C at the surface to 1344 C at the lithospher-
eeasthenosphere boundary. A thermal gradient of 0.5 C km1 is
used for the asthenospheric mantle.
An internally prescribed velocity ﬁeld within the convergence
condition region ensures horizontal compression between the two
continental blocks. The convergence rate is symmetric; each side is
pushed with the same constant velocity for 6 Ma. For Models II and
III, the convergence rate is set to zero after 6 Ma and deformation is
purely self-driven. ForModel I, the second compressional episode is
introduced at 52 Ma and lasts for 3 Ma, and the third one is set at
81 Ma and lasts for 1 Ma (Table 3).
4. Numerical results
4.1. Model I
In the initial stage of this run, signiﬁcant buckling can be
observed (due to the lack of an initially prescribed zone of locali-
zation), which at w3.5 Ma results in the development of a litho-
sphere scale fault (Fig. 4a). Part of the shortened thinner
lithosphere is subducted, and the thinned lithosphere zone isshorten to w600 km width (from 1200 km). At 36 Ma the sub-
ducted part of the lithosphere delaminates (Fig. 4b) due to an in-
crease in density (eclogitization) of the down-going part of the
lithosphere. This event allows for the inﬂux of hot asthenospheric
material behind the delaminating slab. As high temperatures
(1100 C) are introduced to Moho levels melting of the dry crustal
material starts to occur along with asthenospheric decompression
melting (Fig. 4c). This in turn is followed by further delamination of
the Proterozoic lithosphere, along with part of the lower crust, and
with the introduction of temperaturesw800e1000 C to the Moho
further away from the initiation zone. In Fig. 4g, a distinction can be
seen between the left side of the Mesoproterozoic zone, which is
mostly affected by magmatic processes, and the right side, which is
generally exposed to high temperature metamorphism. This
pattern develops due to initial asymmetric localization of defor-
mation and inﬂux of high temperatures from asthenospheric
depths. As the lithospheric mantle peels further away from the
initiation zone the temperatures introduced into the crust decrease.
This results in a diminishing span of magmatic activity on the right
side of the model. At 52 Ma, the second compressional even is
introduced for 3 Ma, and results in reactivation of asthenospheric
ﬂow into shallow levels in the left side of the model and a second
high temperature-melting event (Fig. 5a). At 81 Ma, third
compressional event is introduced. As with the previous
compressional event, reactivation of melting is observed due to an
inﬂux of fertile hot asthenospheric material to Moho levels. The
lateral extent of magmatic activity increases with each occurrence
of reactivation. Overall melt production increases due to
compressional events (Fig. 5a), which bring inﬂuxes of fertile ma-
terial. It is only after the second compressional event when the
isotherm 900 C exhumes to shallow levels <40 km (Fig. 6).
The main melting peaks are observed at 46 Ma, 79 Ma and
94 Ma. These peaks are related to bursts of decompression melting
of mantle material, which are accompanied by a relatively steady
increase in crustal melt production, except for a gentle decrease in
Figure 6. Topographic evolution of isotherm 900 C for (a) Model I, (b) Model II, (c) Model III in time.
W. Gorczyk et al. / Geoscience Frontiers 6 (2015) 23e37 31total melt production between 58 and 78 Ma. In this period more
dramatic maﬁc melt production is observed, indicating a dimin-
ishing supply of fertile material. With the third compressional
event, part of the ﬂanking cratons subduct, as asthenospheric
material inﬂows into a tear in the middle crust. This also contrib-
utes to expansion and fertilization of the magmatic system. At
around 100Ma the volume ofmelt reaches a steady state aftermorethan 60 Ma of high melt production. By 103 Ma 84% of magmas are
derived through crustal melting (Fig. 5b).
The predicted PeT paths for ﬁve crustal particles are presented
in Fig. 4a1eg1. Each of the ﬁve PeT paths in this model are clock-
wise. Three of the paths (black, green and blue) reach granulite
facies conditions and show ﬂat post-peak trajectories, consistent
with near isobaric cooling from peak conditions. One path (blue)
Figure 7. (aeg) Dynamic evolution of the Model II in time represented by composition with color code described in Fig. 4. White lines represent isotherms (starting at 100 C with
increment of 200 C). Colored squares represent rock markers with propagation of PeT paths traced in windows a1eg1.
W. Gorczyk et al. / Geoscience Frontiers 6 (2015) 23e3732reaches high temperature (HT) metamorphic conditions
approaching 800 C at pressures less than 4 kbar, which corre-
sponds to an unrealistic thermal gradient in the crust. The other
two paths (green and black) reach UHT conditions in excess of
900 C at mid-crustal depths, similar to the estimates of peak
metamorphic conditions (Kelsey, 2008; King, 2008; Kelsey et al.,
2009, 2010). The black path also predicts an increase in pressure
fromw 3 kbar to 6 kbar at 600 C, although this event would likely
not be recorded in a residual anhydrous rock.
4.2. Model II
In the initial stage of the Model II, localization of deformation
occurs very quickly due to introduction of the weak zone in the
middle of the Mesoproterozoic province. This results in subduction
of the mantle lithosphere by 5 Ma, and detachment of the down-
going material by 36 Ma, which leads to introduction of hotasthenospheric material into the area left of the weak zone
(Fig. 7aec). As decompression melting begins, ultra-high temper-
atures are introduced into shallow levels and extensive melting of
maﬁc and felsic material commences in the initiation zone. The
lateral propagation of the hot/partially molten asthenosphere leads
to the peeling of the remaining material to the left of the weak zone
up to the craton boundary, followed by the lateral propagation of
hot material to the right. As the hot material ﬂows to the right, it
underplates the “pre-molten” zone (initial weak zone) and only
400 km further to the right the next epicenter of decompression
melting occurs. The central (underplated) zone (Fig. 7d) has been
mostly subjected to HT metamorphism and UHT metamorphism
and melting of felsic rocks. It can be seen in Fig. 7 that the isotherm
900 C does not reach levels below 40 km depth in the central parts
of the model. As the second epicenter of decompression melting
begins at w67 Ma the remaining thin lithosphere is delaminated
and a second episode of extensive melting begins and continues for
Figure 8. (a) Magmatic evolution in terms of magmatic addition (km3/km) of Model II; (b) pie charts illustrate the magmatic composition and total magmatic addition rate (km3/
km/Ma) at the end of simulation at time 123.39 Ma; (c) cross-section of rock evolution (color code as in Fig. 4) to 60 km depth, within which the melt production have been
calculated for Model II.
W. Gorczyk et al. / Geoscience Frontiers 6 (2015) 23e37 33w20 Ma (Fig. 8). Melting initiates from a “central” point with the
highest temperatures and extension, and leads to the formation of
limited and short-lived oceanic crust (by 70 km). The spreading
center closes afterw10 Ma as the system starts to cool down.
At around 90 Ma, melting reaches steady state and the system
begins to cool and a new Moho is established. The highest meting
activity is observed for 70 Ma, and by the end of the experiment at
123 Ma, melts comprise 44% crustal input and 56% mantle derived
melts (Fig. 8b). The ﬁve PeT paths presented in Fig. 7a1eg1 are
clockwise. Four of the paths (red, green, white, orange) reach UHT
conditions in excess of 900 C at mid- to lower-crustal depths. The
complexities shown by the orange and green paths at temperatures
below the anticipated residual solidus (w850e900 C) would not
likely be recorded in nature. In contrast to Model I, the predicted
PeT paths for most of the trajectories correspond to peak pressure
estimates w2 kbar higher than in Model 1.4.3. Model III
In Model III, after delamination of the mechanically thickened
lithosphere (weak zone), the remaining part of the thickened lower
crust undergoes extensive melting (at a depth of 70 km with
temperatures exceeding 700 C) from w20 Ma and lasting for
almost 20 Ma (Figs. 9b and 10a). As delamination continues,
asthenospheric material is introduced into shallow levels at
w39 Ma and extensive maﬁc melting begins (Fig. 10a), with further
delamination as the lithosphere “peels off” in both directions from
the melting center. The main UHT melting event is extensive,
occurring along the entire Mesoproterozoic zone and lasting for
w25 Ma. The occurrence of such elevated temperatures (exceeding
900 C) promotes melting of all types of rocks. Due to the localized
(3 centers e Figs. 9c, d and 10) input of hot material, rocks undergo
melting under different thermal conditionse from the center of the
heat inﬂux to its ﬂanks. Three main bursts of melt production are
observed at 39 Ma, 44 Ma and 47 Ma, which are associated withinduction of threemelting centers that develop in themodel. Large,
growing magma chambers form, and magma mixing and mingling
accounts for multiple melting events that strongly affect the
petrological and geochemical evolution of these rocks. For example,
more than 50% of all magmatic rocks are remelted after decom-
pression melting is triggered. Since high temperatures are retained
for over 30 Ma, rocks are exposed to periodic re-melting and
freezing episodes. Strong mixing and mingling of maﬁc and felsic
material also takes place. A zone of metamorphosed crustal rocks
rims the melting zones. Crystallized rocks may sink into partially
molten melt reservoirs and mobile melt may rise to upper levels
where it solidiﬁes before reaching densities high enough for
foundering. All subsequent melting events are related to re-melting
processes, as temperatures remain high enough to allow for crustal
anatexis.
By the end of the run at 71 Ma (after 45 Ma of extensive melt
production), the crustal melt contribution is 55% and the mantle
component is 45% (Fig. 10b). One of the ﬁve PeT paths (black)
presented in Fig. 9a1eg1 is counter-clockwise; the other four are
clockwise. The black counter-clockwise path reaches UHT condi-
tions in excess of 900 C at mid- to lower-crustal depths. Two of the
clockwise paths (orange and blue) also reach UHT conditions at
appropriate mid- to lower-crustal depths, corresponding to peak
pressures of 6 and 12 kbar, respectively.5. Discussion and conclusions
Each of the three models of intracratonic crustal evolution
predicts some of the speciﬁc and unusual geological features of the
Musgrave Province. In particular, the dynamic processes predicted
in each model completely removes the crustal lithosphere from
beneath the Musgrave Province and ensures that lithosphere re-
growth is retarded and that time-averaged crustal thickness
remain at levels <w37 km. This feature is particularly evident in
Model III where crustal thickness rarely exceeds 32 km. The result
Figure 9. (aeg) Dynamic evolution of the Model III in time represented by composition with color code described in Fig. 4. White lines represent isotherms (starting at 100 C with
increment of 200 C). Colored squares represent rock markers with propagation of PeT paths traced in windows a1eg1.
W. Gorczyk et al. / Geoscience Frontiers 6 (2015) 23e3734in each model is that predicted crustal temperatures exceed 900 C
at depths of c. 30 km or less, as is required for UHT metamorphism.
The total duration over which these conditions prevailedwas 35Ma
for Model I, 70 Ma for Model II and 60 Ma for Model III (Fig. 6). The
models show that different geographical regions undergo UHT at
different times, because crustal thickness (and hence the depth of
the 1344 C isotherm) varies so dynamically, and this feature is
particularly well shown in Model II. This is consistent with the
observed range in ages for preserved peak UHT assemblages within
theMusgrave Province as awhole (Kelsey, 2008; King, 2008; Kelsey
et al., 2009).
The metamorphic evolution and PeT paths recorded in UHT
granulites can potentially resolve some of the ambiguities related to
the tectonic settings appropriate for UHTmetamorphism. However,
the mineral assemblages diagnostic of UHT metamorphism are
typically preserved in residual high MgeAl lithologies, which are
relatively rare in nature (e.g.: Kelsey, 2008). The preservation of
close-to-peak mineral assemblages also requires melt to have beenlost from the rock, resulting in a residual anhydrous granulite
(White et al., 2001; Brown, 2002). Therefore, even appropriate rock
types will typically only record a small segment of the overall PeT
path, extending from peak or near-peak conditions after signiﬁcant
melt loss to the conditions of the elevated residual solidus at
temperatures in excess of 900 C (e.g., Korhonen et al., 2013). Each
of the models produce PeT paths for selected points within the
crustal proﬁle that are consistent with previous estimates for peak
metamorphic conditions of 7e8 kbar and >900 C (Kelsey, 2008;
King, 2008; Kelsey et al., 2009), although Model 2 typically re-
produces slightly higher peak pressures.
The PeT paths retrieved from many UHT granulite terranes
show near isobaric cooling from peak conditions to the solidus (e.g.,
Brown, 2007; Korhonen et al., 2013), followed by decompression
during exhumation, which can correspond to both clockwise and
counter-clockwise PeT paths. Each of the models presented here
predicts PeT paths consistent with such a post-peak evolution.
However, the predicted paths for the ﬁve crustal particles in each
Figure 10. (a) Magmatic evolution in terms of magmatic addition (km3/km) of Model III; (b) pie charts illustrate the magmatic composition and total magmatic addition rate (km3/
km/Ma) at the end of simulation at time 72.33 Ma; (c) cross-section of rock evolution (color code as in Fig. 4) to 60 km depth, within which the melt production have been calculated
for Model III.
W. Gorczyk et al. / Geoscience Frontiers 6 (2015) 23e37 35model generally show clockwise trajectories (Fig. 11; see also
Figs. 4, 7 and 9a1eg1). The prevalence of clockwise PeT paths was
also conﬁrmed bymonitoring crustal markers at 15 km depth every
10 km across each model at 45 Ma. Of the 124 PeT paths generated,
91 were clockwise and 33were counter-clockwise; however, nearly
half of these PeT paths reached unrealistically high crustal tem-
peratures (>950 C at pressures less than 8 kbar). The initial
thickening and subsequent heating implied by a clockwise PeT
path likely reﬂects the horizontal compressional regime imposed
on each model.
It must be stressed that none of our models have taken into
account the mid-crustal accumulation of the highly radiogenic
Pitjantjatjara granite (avg. Th ¼ 42 ppm; U ¼ 4 ppm;
K2O ¼ 5.0 wt.%; Smithies et al. (2014)) throughout the Musgrave
Orogeny. This process was a direct result of the Musgrave Orogeny
but would also have had a signiﬁcant inﬂuence (or feedback) on the
thermal evolution of at least the later stages of that event, including
a likely enhancement of the affects and duration of UHT meta-
morphism. This mid-crustal accumulation of the Pitjantjatjara
granite likely also had a signiﬁcant inﬂuence on thermal gradients
and on crustal thickness for a long period after the Musgrave
Orogeny. In fact, thermal modeling suggests as a result of thisFigure 11. Summary of selected PeT paths fromModel III that reached UHT conditions.process, mid-crustal temperatures should have remained above
750 C for at least 200 Ma after the orogeny (Smithies et al., 2014).
Each model predicts extensive volumes of crustal melt pro-
duction over the duration of the modeled run. Nowhere is melt
production continuous and in each run, “melting blooms” occur at
different times and in different geographical regions. This is
particularly the case for Model II. In any given region, the overall
effect of this style of magmatism in terms of magma volumes
through time would be the superimposition of discrete peaks in
magma volume (relating to blooms) on a trend of more or less
continuous granitic magmatism e possibly matching the observed
pulsed or punctuated changes in the volumes of granites produced
during the Musgrave Province (Fig. 2). The source for the Pitjant-
jatjara granites includes reworked Proterozoic crust and up to 50%
juvenile maﬁc material and the source region itself is envisaged to
have been a lower crustal MASH chamber where these components
mixed, homogenized, periodically solidiﬁed and were remobilized
as new mantle input occurred or as PeT conditions evolved. Again,
this dynamic scenario ﬁts well with Models II and III, which also
replicates the expected ratios of crustal and mantle melts (whether
as discrete magmas or as components within, for example, Pit-
jantjatjara granites).
Although the numerical models do appear to successfully
replicate signiﬁcant features of the geological evolution of the
Musgrave Province, we also note some speciﬁc features of the three
models for which we see no clear geological or geophysical evi-
dence. For example, in Model I the Archean Craton delaminates
with the second and third compression events. This problem is
related to the density of the cratonic lithospheric mantle, where the
bulk composition of peridotite is the LOSIMAG (Morris and Hart,
1986). We see no evidence that such a process occurred adjacent
to the margins of the Musgrave Province. Likewise, Model III pre-
dicts the formation of oceanic crust over short periods and in
various places. Whilst we see no evidence for this crust in the ﬁeld,
themodel also predicts that the crust is highly unstable, short lived,
and rapidly recycled. The overall production of the oceanic crust
W. Gorczyk et al. / Geoscience Frontiers 6 (2015) 23e3736during the duration of the run equals 15% of bulk crustal
production.
Despite the problems outlined above, the signiﬁcant result from
these numerical models is the suggestion that a tectonic setting like
the one proposed for the Musgrave Province represents a plausible
candidate to generate UHT metamorphism. In this respect, it is
critical to emphasize that the lithospheric architecture of the
Musgrave Province up to and during the Musgrave Orogeny likely
had a ﬁrst order control on the thermal evolution of the Musgrave
Orogeny. Delamination processes, if not conﬁned in space (e.g. by
ﬂanking cratons), are very short lived (Gorczyk and Vogt, 2013),
typically <25 Ma, and quickly followed by lithospheric cooling.
However, where thinner crust is ﬂanked by cratons, numerical
modeling suggest that lithospheric cooling after delamination is
signiﬁcantly retarded and crust remains thin and hot for unusually
long periods without any further need of external (e.g. far ﬁeld)
forces. The Musgrave Province was locked into a semi-ridged
cratonic framework that ensured up to 100 Ma of UHT conditions,
with a rate of thermal decay greatly retarded by mid-crustal
accumulation of radiogenic heat producing granites, which
ensuredmid-crustal temperatures remained elevated for at least an
additional 100 Ma.
A further interesting aspect of the numerical models is the de-
gree to which they predict signiﬁcant compositional modiﬁcation
of the mantle. This modiﬁcation is the result of delamination,
gravitational drips and intracrustal subduction, but the affects that
it might have on the mantle source regions for later magmatism
would be virtually indistinguishable from those of plate margin
subduction.
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